
Activation and Repression of Epstein-Barr Virus and Kaposi’s
Sarcoma-Associated Herpesvirus Lytic Cycles by Short- and Medium-
Chain Fatty Acids

Kelly L. Gorres,a Derek Daigle,a Sudharshan Mohanram,a George Millera,b,c

Departments of Molecular Biophysics and Biochemistry,a Pediatrics,b and Epidemiology and Public Health,c Yale University School of Medicine, New Haven, Connecticut,
USA

ABSTRACT

The lytic cycles of Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) are induced in cell culture by
sodium butyrate (NaB), a short-chain fatty acid (SCFA) histone deacetylase (HDAC) inhibitor. Valproic acid (VPA), another
SCFA and an HDAC inhibitor, induces the lytic cycle of KSHV but blocks EBV lytic reactivation. To explore the hypothesis that
structural differences between NaB and VPA account for their functional effects on the two related viruses, we investigated the
capacity of 16 structurally related short- and medium-chain fatty acids to promote or prevent lytic cycle reactivation. SCFAs dif-
ferentially affected EBV and KSHV reactivation. KSHV was reactivated by all SCFAs that are HDAC inhibitors, including phe-
nylbutyrate. However, several fatty acid HDAC inhibitors, such as isobutyrate and phenylbutyrate, did not reactivate EBV. Reac-
tivation of KSHV lytic transcripts could not be blocked completely by any fatty acid tested. In contrast, several medium-chain
fatty acids inhibited lytic activation of EBV. Fatty acids that blocked EBV reactivation were more lipophilic than those that acti-
vated EBV. VPA blocked activation of the BZLF1 promoter by NaB but did not block the transcriptional function of ZEBRA.
VPA also blocked activation of the DNA damage response that accompanies EBV lytic cycle activation. Properties of SCFAs in
addition to their effects on chromatin are likely to explain activation or repression of EBV. We concluded that fatty acids stimu-
late the two related human gammaherpesviruses to enter the lytic cycle through different pathways.

IMPORTANCE

Lytic reactivation of EBV and KSHV is needed for persistence of these viruses and plays a role in carcinogenesis. Our direct com-
parison highlights the mechanistic differences in lytic reactivation between related human oncogenic gammaherpesviruses. Our
findings have therapeutic implications, as fatty acids are found in the diet and produced by the human microbiota. Small-mole-
cule inducers of the lytic cycle are desired for oncolytic therapy. Inhibition of viral reactivation, alternatively, may prove useful
in cancer treatment. Overall, our findings contribute to the understanding of pathways that control the latent-to-lytic switch and
identify naturally occurring molecules that may regulate this process.

Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated her-
pesvirus (KSHV), the two human gammaherpesviruses, both

induce cancer. EBV is linked to lymphoid and epithelial cancers,
such as Burkitt’s lymphoma, Hodgkin’s disease, diffuse large B cell
lymphoma, lymphoproliferative disease in immunocompromised
patients, nasopharyngeal carcinoma, and gastric carcinoma.
KSHV causes Kaposi’s sarcoma, primary effusion lymphoma
(PEL), and multicentric Castleman’s disease. EBV and KSHV per-
sist in a latent stage where few viral genes are expressed. When the
viruses enter the lytic stage, many viral genes are expressed, the
viral DNA replicates, and new virions are produced. Lytic reacti-
vation is necessary for transmission of the virus and may have
direct oncogenic effects (1).

The switch between latency and lytic reactivation is highly reg-
ulated. Virally encoded transactivator genes are repressed during
latency, but when they are expressed, the transactivator proteins
drive the lytic cycle. The two EBV transactivator genes, BZLF1 and
BRLF1, encode multifunctional proteins (ZEBRA and Rta) which,
in concert, activate the viral lytic cascade (2–6). KSHV ORF50, the
positional and functional homolog of EBV BRLF1, regulates early
gene transcription (7–9) and DNA replication (10).

Endogenous stimuli that promote viral reactivation from la-
tency are poorly characterized. However, a variety of chemical and
biological agents induce the viral lytic cycle in cell culture. Phorbol

esters such as tetradecanoyl phorbol acetate (TPA), which are pro-
tein kinase C (PKC) activators, 5-aza-2=-deoxycytidine, a DNA
methyltransferase inhibitor, and the histone deacetylase (HDAC)
inhibitors sodium butyrate (NaB) and trichostatin A (TSA) acti-
vate EBV (11–16) and KSHV (17–21). As a factor complicating the
study of lytic cycle activation, the same inducing stimulus does not
activate the lytic cycle in all cell backgrounds. For example, in
HH-B2 PEL cells, KSHV is inducible by butyrate but not by phor-
bol esters or azacytidine (17, 18), whereas TPA induces the KSHV
lytic cycle in several other cell lines. HDAC inhibitors activate EBV
in a subclone of P3HR1 cells, HH514-16, but not in B95-8 cells;
conversely, TPA activates EBV to enter the lytic cycle in B95-8
cells but not in HH514-16 cells (22, 23). EBV is activated in Akata
cells following cross-linking of surface Ig (14, 24, 25). Some cell
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lines are notoriously resistant to lytic cycle activation by external
stimuli. Even in cell lines that are responsive to lytic induction
stimuli, a subpopulation of cells remains refractory to lytic cycle
activation (26). Although some biochemical properties of the
chemical inducing stimuli are known, the mechanisms by which
various agents lead to expression of the lytic cycle activator genes,
whether the pathways promoted by different agents converge, and
whether the same pathways are involved with the two related vi-
ruses remain unknown.

Butyrate is an HDAC inhibitor of the short-chain fatty acid
(SCFA) class. Reactivation of EBV by butyrate has been attributed
to histone modifications and chromatin remodeling allowing ac-
cess of transcription factors to the BZLF1 promoter. Treatment
with butyrate, however, results in hyperacetylated histones in lytic
cells and in cells refractory to lytic induction (27). Moreover, val-
proic acid (VPA; 2-propyl-pentanoic acid) (Fig. 1), a branched-
chain SCFA and an HDAC inhibitor, does not induce the EBV
lytic cycle, even though treatment with VPA results in hyperacety-
lated histones (28). In fact, VPA blocks viral lytic reactivation by
butyrate and by all other inducing stimuli, including azacytidine,
anti-IgG in Akata cells, and TPA in Raji cells (29). MS-275 and
apicidin, representing two additional classes of HDAC inhibitors,
and suberoylanilide hydroxamic acid (SAHA) reactivated EBV in
HH514-16 cells; this activity was also inhibited by VPA (29). Con-
versely, VPA is a strong inducer of the lytic cycle of KSHV (29–31).
Since butyrate is a 4-carbon straight-chain fatty acid and VPA is an
8-carbon branched-chain fatty acid, we evaluated the parameters
of chain length and branching in lytic activation and repression.

Here we study the responses of EBV and KSHV to butyrate,
VPA, and 14 other SCFAs and medium-chain fatty acids (MCFAs)

(Fig. 1) to provide a structure-function analysis of these fatty acids
and their effects on the latent-to-lytic switch of the two viruses.
SCFAs and MCFAs occur naturally in the diet, are produced by
bacterial metabolism in the colon, and are products of amino acid
catabolism (32). Fatty acids have known biological and medicinal
properties. For example, 4-phenylbutyrate, an HDAC inhibitor, is
used to induce fetal hemoglobin and to promote cancer cell dif-
ferentiation (33). Isovalerate, found in the valerian plant, and
VPA are anticonvulsants (34). We assessed a large panel of fatty
acids for activation of the viral lytic cycles, a property of butyrate.
By combining each fatty acid with an inducing agent appropriate
for each cell line, we also tested the fatty acids for the capacity to
block lytic reactivation, a property of VPA. We utilized EBV- and
KSHV-infected cell lines in which the lytic cycle was activated by
different inducing stimuli to determine if the ability of a fatty acid
to prevent lytic gene expression was dependent on the cell back-
ground or activation pathway. BC-1 cells, which harbor both vi-
ruses, allowed a direct comparison of lytic reactivation of the two
human gammaherpesviruses in the same cell background. We an-
alyzed how the chemical and functional properties of the fatty
acids correlated with their effects on EBV or KSHV lytic reactiva-
tion.

MATERIALS AND METHODS
Cell lines. The EBV-infected Burkitt’s lymphoma cell lines used were
HH514-16, which is a subclone of the P3J-HR-1 cell line with low spon-
taneous lytic reactivation (35), and Raji (36). HH-B2 (9) and BC-3 are
KSHV-infected PEL cell lines (37). These four cell lines were cultured in
RPMI 1640 containing 8% fetal bovine serum, penicillin (50 U/ml), strep-
tomycin (50 U/ml), and amphotericin B (1 �g/ml). BC-1 cells, a KSHV-

FIG 1 Structures of fatty acids. SCFAs have 2 to 5 carbon atoms, and MCFAs have 6 to 10 carbon atoms.
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and EBV-infected PEL cell line (38, 39), were cultured in RPMI 1640
containing 20% fetal bovine serum and gentamicin (50 �g/ml). All cells
were grown at 37°C under 5% CO2.

Chemical treatment of cell lines. Cells were subcultured at 3 � 105

ml�1; 48 h later, cells at 1 � 106 ml�1 were treated with chemical stimuli
for the durations noted in the figure legends. All fatty acids were pur-
chased from Sigma, unless noted otherwise. Sodium butyrate (NaB),
sodium valproate (VPA), sodium acetate, sodium hexanoate, sodium oc-
tanoate, and sodium phenylbutyrate (Scandinavian Formulas) were pre-
pared as 1 M solutions in water. Propanoic acid, valeric acid, heptanoic
acid, 2-ethylbutyric acid, 2-methylbutyric acid, 2-ethylvaleric acid, isobu-
tyric acid, 3-methylvaleric acid, and 4-methylvaleric acid were prepared as
1 M solutions in 1 M sodium hydroxide. A TPA (Calbiochem) stock made
in dimethyl sulfoxide (DMSO) was used at 10 or 20 ng/ml. Cell viability
was measured by counting cells that excluded staining with trypan blue.

Western blot analysis. Cells that were left untreated or treated with
chemical stimuli were harvested at the times indicated in the figure leg-
ends. Total cell extracts were electrophoresed in sodium dodecyl sulfate
(SDS)–12% TGX polyacrylamide gels (Bio-Rad) and were transferred to
nitrocellulose membranes (Bio-Rad). Antibodies were used to detect
KSHV ORF50 (amino acids 351 to 691) (18), histone H3 acetylated at
lysine 9 and lysine 14 (EMD Millipore), ZEBRA (BZ1) (40), phospho-
H2AX(Ser139) and H2AX (Millipore), phospho-p53(Ser15) and p53
(Cell Signaling), and �-actin (Sigma). Protein levels were determined by
densitometry. Immunoreactive protein levels were normalized to �-actin
levels and expressed relative to the amounts in the untreated control cells.
Data shown are representative of at least two biological replicates.

RT-qPCR. Total RNA was isolated using an RNeasy kit with on-col-
umn DNase digestion (Qiagen). The cells that were the source of RNAs for
reverse transcription-quantitative PCR (RT-qPCR) experiments were the
same as those that were the source of proteins for the immunoblot exper-
iments. The relative transcript levels were determined with gene-specific
primers, using an iScript SYBR green RT-PCR kit (Bio-Rad). The primers
used have been described previously (17, 29). Relative expression levels
were calculated using the ��Cq method and normalized to 18S RNA.
RNA samples were assayed in triplicate. Data shown in Fig. 2 to 7 are from
representative experiments. Data averaged from biological replicates of all
cell lines are presented in Fig. 8.

Classification of the effects of fatty acids on activation and blocking
of viral lytic cycles. Lytic cycle activation was determined by the expres-
sion of lytic transactivator genes: BZLF1 or BRLF1 for EBV and ORF50 for
KSHV. Activation by known inducing agents (butyrate for HH514-16,
HH-B2, and BC-3 cells and TPA for BC-1 and Raji cells) was considered
100% activation. A fatty acid that activated the lytic cycle to �50% com-
pared to induction by butyrate or TPA was classified as an activator. Fatty
acids that induced the lytic cycle 20 to 50% were classified as moderate
activators. Lytic induction of �20% by a fatty acid was classified as weak
or no activation. Blocking of the EBV lytic cycle by each fatty acid was
determined by combining the fatty acid with inducing agents that were
active in each cell line. A fatty acid classified as a blocking agent decreased
lytic induction to �20%. A decrease in lytic induction to 20 to 70% was
classified as moderate blocking. A fatty acid was classified as weakly or not
blocking when �70% lytic activation remained.

Plasmids and transfection. Wild-type BZLF1 was expressed from a
plasmid containing EBV genomic DNA driven by the cytomegalovirus
(CMV) immediate early (IE) promoter in pHD1013 (gZ) (41). HH514-16
cells, subcultured to 3 � 106 cells/ml 2 days prior to the experiment, were
transfected by nucleofection with 2 �g of DNA per 5 � 106 cells, using a
Nucleofector V kit and program A-023 according to the manufacturer’s
protocol (Lonza). Cells were treated with fatty acid immediately after
transfection and harvested 24 h later.

Luciferase reporter assays. The fragment of the BZLF1 promoter
(Zp) from positions �547 to 	12 or �221 to 	12 relative to the tran-
scription start site was PCR amplified from the EBV genome of HH514-16
cells, inserted into the ZpCAT plasmid (42), and subcloned into the

pGL2-Basic vector to create Zp�547/	12GL2 or Zp�221/	12GL2, re-
spectively. Mutations in Zp reported to disrupt the activity of the ZIIIA/
ZIIIB, ZIIR, and ZV/ZV= response elements (43–45) were generated by
site-directed mutagenesis using the following primers and their comple-
ments: 5=-CTTTTGGAAACTATGCAgaAttCACAGGatccGCTAATGTA
C-3=, 5=-GCCTCAGAGACACACCTAAATTTAGCACggaattcACCATG
ACATCACAG-3=, and 5=-GGGAGATGTTAGACAGGccACTCACTAAA
CATTGCAttTTGCCAAGCTTGG-3=. HH514-16 cells were transfected
by nucleofection with 1 �g pGL2-Basic or a Zp reporter construct and
treated with fatty acids at 1 h posttransfection. Cells were harvested at 48
h posttransfection and lysed in cell culture lysis reagent (Promega). Lu-
ciferase assays were performed using a luciferase assay system (Promega).
Relative luciferase units for each sample were normalized to the amount
of total protein determined by bicinchoninic acid (BCA) assay (Pierce)
with cell lysates pretreated with 2 volumes of iodoacetamide (100 mM) at
37°C for 15 min.

RESULTS
Straight-chain SCFAs activate the EBV lytic cycle, while MCFAs
block EBV reactivation. In addition to the well-known property
of butyrate as an inducer of the EBV lytic cycle (13), pentanoate
(valerate) and propionate also induce expression of viral early
antigen and viral capsid antigen (46, 47). However, the effects
of MCFAs on EBV reactivation have not been described previ-
ously. Here we tested straight-chain fatty acids with 2 to 8
carbon atoms (C2 to C8) as activators and blockers of the EBV
lytic cycle. EBV-infected Burkitt’s lymphoma cells (HH514-16)
were treated with straight-chain fatty acids for 18 h. Lytic re-
activation was measured by expression of two viral lytic
mRNAs, BZLF1 and BGLF5, and by the amount of ZEBRA
protein expressed from the BZLF1 gene. In all experiments, cell
viability was �85%, as measured by counting cells that ex-
cluded staining with trypan blue (data not shown). Increases in
viral lytic gene expression were observed in cells treated with
the SCFAs propionate, butyrate, and valerate (C3, C4, and C5),
but not acetate (C2), and the MCFAs hexanoate, heptanoate,
and octanoate (C6, C7, and C8) (Fig. 2A and C).

VPA (valproate), a branched-chain fatty acid, blocks EBV re-
activation by butyrate (28, 29). To determine if any straight-chain
fatty acids block viral reactivation induced by butyrate, HH514-16
cells were treated with butyrate plus another straight-chain fatty
acid. The lytic cycle was induced by butyrate in the presence of
acetate or by butyrate together with the SCFAs that activated it
alone, i.e., propionate and valerate (Fig. 2B and D). However, the
addition of hexanoate in combination with butyrate led to 60 to
80% decreases in the amounts of BZLF1 and BGLF5 mRNAs and
ZEBRA protein compared with those in cells treated with butyrate
alone. No EBV lytic gene expression was detected when heptano-
ate or octanoate was added in addition to butyrate.

We also examined the effects of straight-chain fatty acids on
EBV lytic reactivation in the Burkitt’s lymphoma cell line Raji. The
EBV lytic gene BRLF1 in Raji cells was not activated by butyrate or
any other fatty acid. The protein kinase C agonist TPA activates
the lytic cycle in Raji cells, and butyrate synergizes with TPA (28,
48). Valerate, which activated EBV in HH514-16 cells, also syner-
gized with TPA in Raji cells (see Fig. 8). Hexanoate, heptanoate,
and octanoate blocked EBV reactivation induced by TPA. The
same medium-chain fatty acids blocked lytic reactivation induced
by butyrate in HH514-16 cells and by TPA in Raji cells. We con-
cluded that blocking of EBV lytic reactivation is related to the
length of the fatty acid carbon chain.
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Straight-chain SCFAs that activate the EBV lytic cycle are
HDAC inhibitors; however, MCFAs that block EBV reactivation
do not prevent HDAC inhibition. SCFAs are general inhibitors of
class I and class II histone deacetylases in many cell types (49, 50).
In HH514-16 Burkitt’s lymphoma cells, propionate, butyrate, and
valerate behaved as HDAC inhibitors, increasing the levels of
acetylated histone H3 (AcH3) (Fig. 2C, lanes 3 to 5). These SCFAs
also activated EBV (Fig. 2A). When each of the other SCFAs was
combined with butyrate, the level of AcH3 increased to levels
comparable to those seen in cells treated with butyrate alone (Fig.
2D). Hexanoate, heptanoate, and octanoate blocked EBV reacti-
vation (Fig. 2B) but did not prevent increased histone H3 acety-
lation by butyrate (Fig. 2D, lanes 6 to 10).

Straight-chain SCFAs also activate the KSHV lytic cycle, but
MCFAs do not block KSHV lytic transcript reactivation. The
lytic cycle of KSHV can be activated by butyrate (9, 19, 51). VPA
also promotes lytic activation of KSHV, unlike its blocking effect
in EBV (29, 30). The effects of fatty acids other than butyrate and
VPA on KSHV lytic reactivation had not previously been exam-
ined. KSHV	 HH-B2 PEL cells were treated with fatty acids for 12
h, and lytic activation was measured by expression of ORF50,
encoding the KSHV lytic transactivator Rta protein (7, 9). Com-
pared to that in untreated or acetate-treated HH-B2 cells, ORF50
mRNA was expressed to 240-fold higher levels in cells treated with
propionate, butyrate, or valerate (C3, C4, and C5) (Fig. 3A);
ORF50 protein expression was also stimulated by these SCFAs

FIG 2 Activation and blocking of the EBV lytic cycle by straight-chain fatty acids. EBV-infected HH514-16 cells were treated with a single straight-chain fatty acid
alone (A and C) or combined with butyrate (3 mM) (B and D) for 18 h. The concentration of fatty acid was 10 mM unless noted as 3 mM. (A and B) Lytic
induction was determined by the relative expression of BZLF1 and BGLF5 mRNAs, measured by RT-qPCR analysis, in triplicate, of RNAs extracted from
untreated versus treated cells. Expression is presented relative to stimulation by butyrate (100%). The expression of BZLF1 was induced 11-fold by butyrate
compared to that in untreated cells, and that of BGLF5 was induced 150-fold. (C and D) Lytic induction was measured by the level of ZEBRA protein detected
on an immunoblot. HDAC inhibition was measured using an anti-acetyl (lysine 9 and lysine 14) H3 rabbit polyclonal antibody (AcH3). Immunoreactive protein
levels were normalized to �-actin levels and expressed relative to the amount in the untreated control cells.
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(Fig. 3B). Treatment of HH-B2 cells with hexanoate or heptanoate
induced ORF50 mRNA to about 50% the level induced by bu-
tyrate; octanoate induced ORF50 mRNA to only 
20% the level
induced by butyrate. Moreover, MCFAs did not reduce the abun-
dance of ORF50 mRNA after treatment of cells with butyrate (Fig.
3A). We concluded that MCFAs stimulate and do not block ex-
pression of KSHV ORF50 mRNA (Fig. 3A). The same MCFAs fail
to stimulate and do block expression of EBV lytic mRNAs. How-
ever, the ORF50 protein was not detected in HH-B2 cells treated
with heptanoate or octanoate. These two MCFAs at 10 mM, but
not 3 mM, blocked ORF50 protein expression (Fig. 3C). There
may be separate effects of MCFAs on gene expression and protein
translation or protein stability.

The effects of straight-chain fatty acids on KSHV lytic reacti-
vation were measured in another PEL cell line, BC-3, where bu-
tyrate was the strongest inducer of the lytic cycle. Propionate,
valerate, and hexanoate also induced ORF50 expression (see Fig.
8). Heptanoate and octanoate did not induce KSHV ORF50 ex-
pression in BC-3 cells. When combined with butyrate, none of the
straight-chain fatty acids reduced ORF50 mRNA expression by
more than 50%. The results for two KSHV	 PEL cell lines, HH-B2
and BC-3, were similar in that medium-chain fatty acids (C6 and
C8) did not reduce initiation of KSHV lytic reactivation as mea-

sured by ORF50 mRNA. We concluded that MCFAs block lytic
reactivation of EBV more efficiently than that of KSHV.

Activation and blocking of EBV and KSHV lytic cycles in
coinfected cells. The effects of fatty acids on EBV and KSHV re-
activation were compared directly in BC-1 primary effusion lym-
phoma cells, which are infected with both viruses. BC-1 cells were
left untreated or treated with each fatty acid alone for 18 h; total
RNA was extracted, and viral mRNAs encoding lytic cycle activa-
tors of both viruses were detected simultaneously. EBV lytic acti-
vation was measured by expression of BRLF1, which encodes the
EBV Rta transactivator protein; KSHV activation was measured
by expression of ORF50, encoding KSHV Rta. Both EBV and
KSHV were induced by propionate, butyrate, and valerate (Fig.
4A). KSHV was activated moderately by hexanoate and weakly by
heptanoate or octanoate. EBV was not activated by these MCFAs.
These data were consistent with results for cell lines infected by
either virus alone, showing that MCFAs activate lytic gene expres-
sion of KSHV but not EBV.

In BC-1 cells, KSHV was strongly induced by propionate, bu-
tyrate, and valerate, while EBV was activated to a lower level (Fig.
4A). However, EBV and KSHV were induced to comparable levels
by TPA in this cell background. Therefore, to test for blocking of
lytic activation by straight-chain fatty acids, we compared lytic

FIG 3 Activation and blocking of the KSHV lytic cycle by straight-chain fatty acids. KSHV-infected HH-B2 cells were treated with a single straight-chain fatty
acid or with butyrate (3 mM) combined with another straight-chain fatty acid (10 mM) for 12 h. (A) Lytic induction was determined by the relative expression
of ORF50 mRNA, measured by RT-qPCR analysis, in triplicate, of RNAs extracted from untreated versus treated cells. Expression is presented relative to
stimulation by butyrate (100%). ORF50 mRNA was induced 240-fold by butyrate compared to that in untreated cells. (B and C) Lytic induction was measured
by the ORF50 protein levels on an immunoblot probed with anti-ORF50 antibody.
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induction by TPA in the absence and presence of fatty acids. Ac-
etate did not inhibit lytic induction of either virus by TPA. Propi-
onate, butyrate, and valerate increased expression of lytic mRNAs
of both EBV and KSHV in the presence of TPA (Fig. 4B). Hexano-
ate (C6), which blocked EBV lytic reactivation in HH514-16 and
Raji cells, did not block EBV BRLF1 expression induced by TPA in
BC-1 cells, possibly due to the presence of KSHV in these cells.
Hexanoate increased the expression of KSHV ORF50 by TPA
compared to that with TPA alone, consistent with the low-level
activation of KSHV by hexanoate alone. Expression of EBV BRLF1
was blocked when cells were treated with octanoate (C8) plus TPA
compared to TPA alone. Blocking of the EBV lytic cycle by octa-
noate was observed in all cell lines. Octanoate did not block KSHV
ORF50 mRNA reactivation by TPA in BC-1 cells. We concluded
that octanoate selectively blocks EBV lytic gene expression.

Isovalerate is the only branched-chain fatty acid that acti-
vates the EBV lytic cycle. The chemical structures of butyrate and
VPA differ in the total number of carbon atoms, but also in the
absence and presence of branching; butyrate is a straight chain,
whereas VPA (2-propylvalerate) is branched at the second carbon
(C-2) (Fig. 1). To test whether branching helps to explain the
difference between the effects of butyrate and VPA on EBV, we
tested other branched-chain fatty acids as inducers or repressors
of viral reactivation. We first examined fatty acids branched at the
second carbon, like VPA, which has 8 carbon atoms. The other
C-2-branched fatty acids were composed of 4, 5, or 6 carbon at-
oms. For example, isobutyrate has 4 carbon atoms, the same num-

ber as butyrate. The EBV lytic cycle in HH514-16 cells was not
reactivated by any C-2-branched fatty acid, including VPA, isobu-
tyrate (2-methylpropionate), 2-methylbutyrate, 2-ethylbutyrate,
and 2-methylvalerate (Fig. 5A and C).

To gain further insight about the structural properties of fatty
acids that affect EBV activation, the C-3 branch location in the
fatty acid was examined. We found that isovalerate (3-methylbu-
tyrate)-treated EBV	 HH514-16 cells expressed BZLF1 and
BGLF5 mRNAs and ZEBRA protein to levels comparable to those
stimulated by butyrate (Fig. 5B and D). Interestingly, there was no
comparable increase in EBV lytic gene expression in HH514-16
cells treated with 3-methylvalerate, 4-methylvalerate, or phenyl-
butyrate. Thus, only a single C-3-branched fatty acid, isovalerate,
activated EBV lytic gene expression.

Several branched-chain fatty acids are repressors of EBV. To
determine if C-2-branched fatty acids other than VPA blocked
EBV reactivation, HH514-16 cells were treated with the combina-
tion of butyrate and a branched-chain fatty acid (Fig. 5A and C).
Compared to butyrate alone, isobutyrate plus butyrate did not
decrease ZEBRA protein expression. The addition of isobutyrate
decreased BZLF1 and BGLF5 mRNA levels, but this was not sta-
tistically significant among biological replicates (see Fig. 8).
2-Methylbutyrate did not decrease levels of EBV lytic mRNAs or
ZEBRA protein compared to those with butyrate alone. However,
2-ethylbutyrate and 2-methylvalerate decreased both the levels of
lytic mRNAs and ZEBRA protein by half. Of the C-2-branched
fatty acids, VPA was unique in completely blocking the expression

FIG 4 Lytic reactivation of EBV and KSHV by straight-chain fatty acids in dually infected cells. KSHV- and EBV-infected BC-1 cells were treated with a single
fatty acid (10 mM unless noted as 3 mM) (A) or with TPA (20 ng/ml) combined with a straight-chain fatty acid (B) for 18 h. The relative expression of EBV BRLF1
(top) and KSHV ORF50 (bottom) was measured by RT-qPCR analysis, in triplicate, of RNAs extracted from untreated versus treated cells.
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of BZLF1 and BGLF5 induced by butyrate. VPA does not globally
block transcription, as VPA induces the expression of many cellu-
lar genes (29). Also, the same number of cells remained viable after
VPA treatment and butyrate treatment for 18 h in this experiment,
and for 48 h as well (data not shown).

Fatty acids branched at C-3 and C-4 were also examined as
blockers of the EBV lytic cycle (Fig. 5B and D). The combination
of isovalerate and butyrate stimulated the same level of BZLF1 and
BGLF5 gene expression as that with butyrate alone. 3-Methylval-
erate, 4-methylvalerate, and phenylbutyrate, however, decreased
BGLF5 and BZLF1 RNA and protein expression induced by bu-
tyrate. 4-Methylvalerate was a slightly more potent blocker than
3-methylvalerate. Phenylbutyrate was the most potent blocking
agent; no lytic RNA or ZEBRA protein was detected in the pres-
ence of phenylbutyrate. The blocking effects of phenylbutyrate
that we observed were comparable to those of VPA.

The effects of branched-chain fatty acids were also tested in the
EBV	 Raji cell line, in which the lytic cycle is activated by TPA and
butyrate synergizes with TPA. BRLF1 mRNA was induced to the

same level in Raji cells treated with TPA or a combination of TPA
and the C-2-branched fatty acid isobutyrate or 2-methylbutyrate;
2-ethylbutyrate partially blocked BRLF1 mRNA expression com-
pared to TPA alone (see Fig. 8). VPA, however, completely
blocked BRLF1 mRNA expression in Raji cells. The activity of fatty
acids branched at C-3 or C-4 in Raji cells was similar to their
properties in HH514-16 cells. Isovalerate, the only branched-
chain fatty acid to activate EBV in HH514-16 cells, also synergized
with TPA in Raji cells. The addition of 3-methylvalerate or
4-methylvalerate to TPA decreased BRLF1 expression versus that
with TPA alone. Phenylbutyrate, a strong blocker of butyrate in-
duction of EBV in HH514-16 cells, completely blocked TPA-in-
duced EBV BRLF1 expression in Raji cells.

The capacity of branched-chain fatty acids to reactivate or
block EBV does not correlate with their behavior as HDAC in-
hibitors. Butyrate and other HDAC inhibitors, such as TSA and
MS-275, induce the EBV lytic cycle. VPA, which is also an HDAC
inhibitor (52), fails to activate the EBV lytic cycle and blocks all
inducing stimuli (Fig. 5; also see Fig. 7) (28, 29). Among the

FIG 5 Activation and blocking of the EBV lytic cycle by branched-chain fatty acids. EBV-infected HH514-16 cells were treated with fatty acids branched at C-2
(A and C), C-3, or C-4 (B and D) in the absence or presence of butyrate for 18 h. The concentration of fatty acid was 10 mM unless noted as 3 mM. (A and B) Lytic
induction was determined by the relative expression of BZLF1 and BGLF5, measured by RT-qPCR analysis, in triplicate, of RNAs extracted from untreated versus
treated cells. Expression is presented relative to stimulation by butyrate (100%). The expression of BZLF1 was induced 23-fold by butyrate compared to that in
untreated cells, and that of BGLF5 was induced 150-fold. (C and D) Lytic induction was measured by an immunoblot probed with anti-ZEBRA antibody. HDAC
inhibition was measured using an anti-acetyl (lysine 9 and lysine 14) H3 rabbit polyclonal antibody (AcH3).
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branched-chain fatty acids, we identified examples of HDAC in-
hibitors that reactivate EBV, that block EBV reactivation, and that
have no effect on induction of the lytic cycle. Isovalerate, a docu-
mented HDAC inhibitor (53) that caused a 7-fold induction of
AcH3 in our experiments, was the only branched-chain fatty acid
to activate EBV (Fig. 5D). The EBV lytic cycle was blocked by
phenylbutyrate. Phenylbutyrate, also a known HDAC inhibitor,
produced a 3-fold increase in AcH3 (Fig. 5D). Other branched-
chain fatty acids, i.e., 2-ethylbutyrate, 2-methylvalerate, 3-meth-
ylvalerate, and 4-methylvalerate, increased the level of AcH3
above background, though not to the same extent as that with
butyrate; yet each decreased EBV lytic reactivation. Isobutyrate,
an HDAC inhibitor (49), caused a 15-fold increase in the level of
AcH3 in treated cells compared to untreated cells (Fig. 5C). How-
ever, isobutyrate did not activate EBV in any cell line tested. Isobu-
tyrate also did not block expression of ZEBRA protein induced by
butyrate in HH514-16 cells or BRLF1 mRNA expression induced
by TPA in Raji or BC-1 cells (Fig. 5; also see Fig. 7). 2-Methylbu-
tyrate also did not activate or block EBV reactivation, but it pro-
duced an increase in AcH3. No fatty acid prevented the increase in
AcH3 in cells treated with butyrate. Therefore, neither activation
nor blocking of the EBV lytic cycle can be explained by global
effects of the HDAC inhibitor activity of any fatty acid.

Branched-chain fatty acids can activate, and do not block,
KSHV lytic reactivation. One major difference between lytic in-
duction of EBV and KSHV is that only KSHV is activated by VPA
(29, 30). We identified isobutyrate as another branched-chain
fatty acid that activated KSHV but not EBV (Fig. 6A). Among the
other C-2-branched fatty acids, low levels of ORF50 mRNA and
protein were stimulated by 2-ethylbutyrate; 2-methylbutyrate and
2-methylvalerate did not cause an increase in ORF50 expression.
None of the C-2-branched fatty acids blocked ORF50 expression
induced by butyrate. With the C-3- and C-4-branched fatty acids,
lytic gene expression increased in isovalerate-treated HH-B2 cells
(Fig. 6B), as it did in EBV	 cells. Though 4-phenylbutyrate
blocked EBV lytic reactivation, in HH-B2 cells it potently induced
KSHV ORF50 expression. 3-Methylvalerate and 4-methylvalerate
also increased ORF50 expression. None of the C-3- or C-4-
branched fatty acids blocked ORF50 expression induced by bu-
tyrate (Fig. 6B). In BC-3 cells, another PEL cell line, the KSHV lytic
cycle was activated by the branched-chain fatty acids isobutyrate,
valproate, isovalerate, and phenylbutyrate (see Fig. 8), which also
promoted the KSHV lytic cycle in HH-B2 cells.

EBV and KSHV lytic cycle activation and blocking by branched-
chain fatty acids in coinfected cells. The effects of branched-chain
fatty acids on lytic reactivation were compared in BC-1 PEL cells
coinfected with EBV and KSHV. None of the C-2-branched fatty
acids induced EBV in BC-1 cells (Fig. 7A, top panel). The EBV lytic
cycle was induced by isovalerate and weakly induced by 3-meth-
ylvalerate and 4-methylvalerate, but not by phenylbutyrate (Fig.
7C, top panel). KSHV ORF50 mRNA, however, was activated
strongly by isobutyrate, valproate (Fig. 7A, bottom panel),
isovalerate, and phenylbutyrate and moderately by 3-methyl-
valerate and 4-methylvalerate (Fig. 7C, bottom panel). The
branched-chain fatty acids were tested for prevention of lytic cycle
reactivation induced by TPA, which induces both viruses. Again,
no fatty acid blocked the KSHV lytic cycle (Fig. 7B, bottom panel,
and D, bottom panel). EBV reactivation was blocked most effec-
tively by valproate (Fig. 7B, top panel). The results for the dually
infected BC-1 cells confirm that isobutyrate, VPA, and 4-phenyl-

FIG 6 Activation and blocking of the KSHV lytic cycle by branched-chain
fatty acids. KSHV-infected HH-B2 cells were treated with C-2-branched fatty
acids (A) or C-3- or C-4-branched fatty acids (10 mM unless noted as 3 mM)
(B) in the absence or presence of butyrate (3 mM) for 12 h. Lytic induction was
determined by the relative expression of ORF50, measured by RT-qPCR anal-
ysis, in triplicate, of RNAs extracted from untreated versus treated cells. Ex-
pression is presented relative to stimulation by butyrate (100%). ORF50
mRNA was induced 108-fold by butyrate compared to that in untreated cells.
Lytic induction was also measured by an immunoblot probed with anti-
ORF50 antibody.
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butyrate are potent activators of KSHV but not EBV. The activat-
ing and blocking effects of short- and medium-chain fatty acids on
the EBV and KSHV lytic cycles in all cell lines tested are compared
in Fig. 8.

Effects of fatty acids on the EBV, but not KSHV, lytic cycle
correlate with fatty acid lipophilicity. We sought a chemical
property that predicts the effects of fatty acids on viral lytic acti-

vation. The acid dissociation constants (pKa) of all fatty acids were
similar (4.76 to 4.85) and did not correlate with effects on either
virus (data not shown). Intriguingly, the lipophilicity values of
fatty acids predicted the blocking of EBV. Lipophilicity, or hydro-
phobicity, is quantified by calculating the octanol-water partition
coefficient, or distribution coefficient, at the biologically relevant
pH 7.4. Fatty acids that activated EBV had lipophilicity values

FIG 7 Lytic reactivation of EBV and KSHV by branched-chain fatty acids in dually infected PEL cells. KSHV- and EBV-infected BC-1 cells were treated for 18
h with C-2-branched fatty acids (A and B) or C-3- or C-4-branched fatty acids (C and D) in the absence (A and C) or presence (B and D) of TPA (10 ng/ml). Fatty
acids were used at 10 mM unless noted as 3 mM. The relative expression of EBV BRLF1 (top) and KSHV ORF50 (bottom) was measured by RT-qPCR analysis,
in triplicate, of RNAs extracted from untreated versus treated cells. In panels B and D, expression is presented relative to stimulation by TPA (100%). TPA
induced BRLF1 expression 19- to 78-fold and ORF50 expression 22- to 33-fold in biological triplicate experiments.
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(LogD) between �2.4 and �1.4 (Fig. 9A). Fatty acids with LogD
values in this range, but with branching at the second carbon
(isobutyrate and 2-methylbutyrate), did not activate EBV. This
structural feature prevents activation. Fatty acids with LogD val-
ues of �1.0 to �0.3 decreased EBV lytic reactivation, while the
fatty acids with LogD values of �0 completely blocked activation
of the EBV lytic cycle. For KSHV, this correlation of fatty acid
lipophilicity with viral reactivation was not observed. Fatty acids

that either had no effect or caused reactivation of KSHV had LogD
values that spanned the entire range (Fig. 9B).

VPA inhibits activation of the EBV BZLF1 promoter (Zp).
We performed luciferase reporter assays to determine if fatty
acids activate or block expression from the BZLF1 promoter
(Zp) (Fig. 10A). Fatty acids that induced the EBV lytic cycle in
HH514-16 cells also induced expression of a Zp luciferase re-
porter (Fig. 10B). Similarly, fatty acids that failed to induce the

FIG 8 Summary comparing activation or blocking of reactivation of the EBV and KSHV lytic cycles by fatty acids. The data from all EBV	 cell lines tested
(HH514-16, Raji, and BC-1) (A and C) or all KSHV	 cell lines tested (HH-B2, BC-3, and BC-1) (B and D) were combined. Activation of EBV (A) or KSHV (B)
in cells treated with each fatty acid was compared to that in untreated cells. Repression of EBV (C) or KSHV (D) in cells treated with a fatty acid combined with
a known inducing agent (either butyrate or TPA) was compared to that with the known inducing agent alone, set at 100% lytic activation. The values are mean �
standard errors of the means (SEM). **, P � 0.0001; *, P � 0.05. (E) Summary comparing activation (red) or blocking (green) of reactivation of the EBV and
KSHV lytic cycles by fatty acids. 1MCFAs block EBV reactivation in cells induced by butyrate.

Effects of Fatty Acids on EBV and KSHV Reactivation

July 2014 Volume 88 Number 14 jvi.asm.org 8037

http://jvi.asm.org


lytic cycle also failed to activate Zp-GL2. Furthermore, VPA
blocked expression of Zp�221/	12GL2 induced by butyrate
(Fig. 10C). This experiment supports the hypothesis that VPA
acts at the level of Zp to decrease transcription. Since the re-
porter assays were conducted in EBV-positive cells and Zp is
autostimulated by the ZEBRA protein, Zp reporter activation
might occur through induction of ZEBRA protein produced
from the viral genome. A reporter containing mutations within
the ZIIIA and ZIIIB sites, where autostimulation occurs (43),
was still induced by butyrate but not by VPA; butyrate induc-
tion was blocked by VPA (Fig. 10C).

Negative regulatory elements, namely, ZIIR and ZV/ZV=, have
been identified in Zp (44, 54, 55). To test the hypothesis that VPA
blocks expression of BZLF1 via these elements, we measured ex-
pression of a luciferase reporter controlled by Zp with mutations
known to disrupt the function of either or both of these repressor
elements. We found, as expected, that induction of the Zp lucif-
erase reporter by butyrate was increased 
6- to 8-fold in the ZIIR
and ZIIR/ZV/ZV= combined mutants. VPA blocked induction by
butyrate of Zp reporters with mutations in ZIIR and ZV/ZV= (Fig.
10D). We concluded that the inhibitory effects of VPA at Zp are
not mediated by those sites in Zp that are known to be involved in
autostimulation or constitutive repression.

VPA does not block the transcriptional activation function
of ZEBRA protein. Our results demonstrating that VPA blocks
activity at Zp do not exclude the possibility that VPA also inhibits
the function of ZEBRA protein. To examine this possibility, we
scored for EBV lytic proteins when ZEBRA was overexpressed in
the absence or presence of VPA (Fig. 11). EBV-positive HH514-16
cells were nucleofected with empty vector or a plasmid that ex-
presses the ZEBRA protein under the control of the CMV IE pro-
moter. The cells were left untreated or treated with butyrate
(NaB), VPA, or NaB plus VPA for 24 h. Unlike its effect on Zp,
VPA did not block expression of ZEBRA driven by the CMV IE
promoter in the plasmid. In fact, both butyrate and VPA enhanced
ZEBRA expression from the plasmid. VPA did not inhibit the
ability of ZEBRA protein to activate expression of the EBV early

lytic proteins Rta and EA-D. We concluded that VPA does not
exert an inhibitory effect on the capacity of ZEBRA to stimulate
expression of early lytic genes.

VPA does not block activation of the ATM/p53 pathway
prior to EBV lytic induction. Induction of the EBV lytic cycle by
HDAC inhibitors has been shown to require p53 and ATM kinase
(56–59). To test the hypothesis that VPA blocks EBV lytic induc-
tion by blocking the ATM pathway, we compared the effects of
butyrate and VPA treatment of HH514-16 cells on phosphoryla-
tion of H2AX (�H2AX), a measure of ATM activation during the
DNA damage response. A time course experiment showed that the
ZEBRA protein was expressed after 15 h of butyrate treatment
(Fig. 12A), and BZLF1 mRNA was detected by 8 h in butyrate-
induced HH514-16 cells (23). We compared times upstream of
lytic reactivation (2 and 4 h) with 24 h, when ZEBRA was strongly
expressed. Total H2AX levels were constant in untreated cells and
in those treated with either butyrate or VPA when monitored at 2,
4, and 24 h (Fig. 12B). We did not detect any change in the levels of
�H2AX in cells treated with butyrate or VPA or a combination of
the two fatty acids for 2 or 4 h. Increased �H2AX was detected at
24 h only in butyrate-treated cells (Fig. 12B, lane 7), not in cells
treated with VPA or both fatty acids. Therefore, induction of
�H2AX was coincident with EBV reactivation. This experiment
shows that induction of the DNA damage response that accompa-
nies lytic activation is blocked by VPA but that VPA neither stim-
ulates nor inhibits the DNA damage response preceding lytic ac-
tivation.

We tested the hypothesis that VPA prevents expression of ZE-
BRA by altering the p53 protein. We investigated the effects of
butyrate and VPA on levels of total p53 protein and activation of
p53, as detected by phosphorylation at serine 15 at times before
and after induction of the EBV lytic cycle. After 24 h of butyrate
treatment in HH514-16 cells, when the lytic cycle was reactivated,
we observed a 5-fold decrease in total p53 (Fig. 12B, compare lanes
4 and 7). Since ZEBRA was induced by butyrate at this time, this
result is consistent with reports of degradation of p53 by ZEBRA
protein (60). However, VPA also decreased total p53 protein levels

FIG 9 Correlation between lipophilicity and activation or blocking of EBV and KSHV lytic cycles. The calculated octanol-water distribution coefficients at pH
7.4 (LogD) (ChEMBL database [90]) of the straight- and branched-chain fatty acids, an assessment of lipophilicity, were plotted against their effects on EBV (A)
and KSHV (B) lytic reactivation.
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at 24 h, without activating the lytic cycle. Even though total p53
was decreased in both butyrate- and VPA-treated cells, phospho-
p53(Ser15) increased only in butyrate-treated cells. Cells treated
with either VPA alone or both butyrate and VPA did not demon-
strate increased levels of phospho-p53(Ser15) at 24 h. Induction
of the EBV lytic cycle has been shown to induce DNA damage
response pathways (61). Therefore, at 24 h, the inhibition of in-
duction of the DNA damage response by VPA correlates with its
capacity to inhibit the lytic cycle. Treatment with either butyrate
or VPA alone, or the two fatty acids combined, resulted in no
robust changes in total p53 or phospho-p53(Ser15) levels at 2 or 4
h (Fig. 12B). We obtained no evidence that VPA alters the ATM/
p53 pathway in order to block initiation of EBV lytic activation.

DISCUSSION

Reactivation of herpesviruses from latency is required for the vi-
ruses to persist and to spread among cells and hosts. Environmen-
tal conditions induce herpesviruses to replicate (62, 63), but the
mechanisms by which these stimuli function in vivo have not been
elucidated. The EBV and KSHV lytic cycles can be induced in cell

FIG 11 EBV early proteins are expressed in the presence of VPA when ZEBRA
is overexpressed. HH514-16 cells were transfected with empty vector or a
plasmid that expresses the ZEBRA protein under the control of the CMV IE
promoter. Immediately after transfection, the cells were treated with butyrate
(NaB; 3 mM), VPA (10 mM), or NaB plus VPA for 24 h. Expression of Rta,
EA-D, ZEBRA, and �-actin was measured by immunoblotting. Data are rep-
resentative of biological triplicate experiments.

FIG 10 Fatty acids alter activation of the BZLF1 promoter (Zp). (A) Schematic diagram of the EBV BZLF1 promoter (Zp) from positions �221 to 	12 relative
to the transcription start site, with known response elements labeled. (B) Effects of short-chain fatty acids (10 mM, except for butyrate [3 mM]) on the expression
of luciferase regulated by a fragment of Zp from positions �547 to 	12. HH514-16 cells were transfected with Zp�547/	12-GL2 by nucleofection and incubated
at 37°C for 1 h. Fatty acids were then added to cells from one transfection divided into a 96-well plate for 48 h. (C and D) Effects of butyrate, VPA, or the fatty acids
combined on the expression of Zp�221/	12-GL2, either wild type or with inactivating mutations in the ZIIIA/ZIIIB, ZIIR, ZV/ZV=, or ZIIR/ZV/ZV= elements.
The luciferase activities were normalized to the total protein level. The data are averages for at least three separate transfections. RLU, relative light units.
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culture by stimuli including butyrate, an SCFA and an HDAC
inhibitor. However, VPA, which is also an SCFA and an HDAC
inhibitor, induces the KSHV lytic cycle, but VPA does not reacti-
vate EBV and blocks EBV reactivation. Why do butyrate and VPA
have opposing effects on EBV? Are fatty acids endogenous chem-
ical promoters and suppressors of viral lytic reactivation? The fol-
lowing conclusions from our work address these questions. (i)
Fatty acids that are HDAC inhibitors induce KSHV, but HDAC
inhibition by fatty acids does not predict their activity toward EBV
reactivation. (ii) No fatty acid tested blocks KSHV lytic gene ex-
pression. (iii) The EBV lytic cycle is blocked by the more lipophilic
MCFAs at the BZLF1 promoter.

Structure-function analysis of short- and medium-chain
fatty acids and viral lytic reactivation. To investigate different
effects of butyrate and VPA on EBV and KSHV lytic reactivation,
we performed a structure-function analysis of a panel of SCFAs
and MCFAs with straight and branched carbon chains. The data
summary shows that individual fatty acids may activate, block, or
have no effect on lytic reactivation of EBV and KSHV (Fig. 8). The
results demonstrate that the length of the carbon chain in straight-
chain fatty acids, which relates to lipophilicity (Fig. 9), greatly
influences the effect on EBV lytic activation.

VPA is branched at the second carbon. Therefore, we inves-
tigated whether any other C-2-branched fatty acid could reac-
tivate EBV or whether C-2 branching promotes blocking of
EBV reactivation. EBV was not activated by any C-2-branched
fatty acid, including isobutyrate, which has the same number of
carbon atoms as butyrate. Therefore, the lipophilicity of a fatty
acid, which is related to the total number of carbon atoms, does
not solely determine EBV activation. Rather, the results show
that C-2 branching prevents a fatty acid from activating the
EBV lytic cycle. This structural feature may prevent binding of
the SCFA to a specific receptor that leads to lytic activation.
Branching at the third carbon, however, does not prevent acti-
vation, since EBV was reactivated by isovalerate (Fig. 5B and D
and 7C) (46).

C-2 branching by itself is not sufficient for blocking, since
some C-2-branched fatty acids, such as isobutyrate and 2-meth-
ylbutyrate, did not block EBV reactivation. In addition, fatty acids
branched at C-3 or C-4, such as 3-methylvalerate and 4-phenyl-
butyrate, blocked EBV reactivation induced by butyrate. Our ob-
servation that phenylbutyrate blocks EBV lytic activation differs
from other reports where phenylbutyrate was found to upregulate
EBV lytic genes in BL cells or in nasopharyngeal carcinoma cells
after 3 days of exposure (64, 65). Regardless of branch location,
the more lipophilic fatty acids blocked EBV lytic reactivation (Fig.
9). Our findings are consistent with studies showing that the EBV
lytic cycle is inhibited by saturated and unsaturated long-chain
fatty acids (66), as well as the lipophilic small molecules moronic
acid and resveratrol (67, 68). The blocking of EBV reactivation by
lipophilic molecules may be mediated by a receptor that recog-
nizes lipophilic molecules or by interactions between the fatty
acids and lipids in the cell membrane generating a cellular re-
sponse that prevents triggering of the EBV lytic cycle.

The KSHV lytic cycle is induced by the smallest and largest
C-2-branched fatty acids tested, isobutyrate and VPA, but not
other C-2-branched fatty acids. There is no correlation between lipo-
philicity and KSHV reactivation. Similarly, fatty acids branched at
C-3 or C-4, with low or high lipophilicity, i.e., isovalerate and phenyl-
butyrate, were more potent activators of KSHV than fatty acids with
intermediate lipophilicity, such as 4-methylvalerate. Unlike EBV, no
fatty acid blocked KSHV reactivation, regardless of lipophilicity or
branch structure.

EBV and KSHV reactivate from latency by different path-
ways. Our work shows that branched-chain MCFAs produce
different outcomes on EBV and KSHV lytic reactivation. These
findings add to accumulating evidence that despite many sim-
ilarities, the two genetically related gammaherpesviruses be-
have differently upon entering the lytic cycle. The latent-to-
lytic switch of both viruses can be activated in cell culture by
similar chemical stimuli, such as HDAC inhibitors and PKC
agonists. However, new protein synthesis is required before
EBV, but not KSHV, lytic activation (17). A second difference
is in the responses of the two viruses to HDAC inhibitors.
There is an invariant correlation between HDAC inhibition
and lytic activation of KSHV. Changes in histone acetylation,
chromatin structure, and nucleosome positioning near the
ORF50 promoter have been observed during KSHV reactiva-
tion by butyrate (69). However, HDAC inhibitors may not only
target histones in KSHV; they could also alter acetylation of
nonhistone proteins involved in ORF50 transcription, such as

FIG 12 Effects of butyrate and VPA on activation of H2AX and p53 at early
and late times. EBV-infected HH514-16 cells were treated with butyrate (3
mM) and/or VPA (10 mM) for 4, 6, 8, 15, or 24 h (A) or 0, 2, 4, or 24 h (B).
H2AX, �H2AX, p53, and phospho-p53(Ser15) levels in cell lysates were mea-
sured by immunoblotting. The ratios of �H2AX to total H2AX and phospho-
p53(Ser15) to total p53 are presented relative to those in untreated cells at time
zero. Lytic induction was measured by the level of ZEBRA protein. Data are
representative of at least triplicate biological experiments.
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Sp1 (18, 69), latency-associated nuclear antigen (70), or cohe-
sin (71).

In EBV, histone-modifying enzymes and markers of open
chromatin, such as acetylation, are detected at the BZLF1 and
BRLF1 promoters in cells where the lytic cycle has been acti-
vated by HDAC inhibitors (72, 73). However, not all HDAC
inhibitors activated EBV (Fig. 2 and 5). Additionally, histone
H3 acetylation is increased at EBV transactivator promoters by
VPA, which does not induce the lytic cycle, and by butyrate in
the refractory subpopulation of cells and in cell lines in which
the EBV lytic cycle is not induced by butyrate (27, 28). There-
fore, control of the EBV latent-to-lytic switch may involve a
more complicated model of chromatin remodeling including
other histone modifications and acetylation of nonhistone pro-
teins (74, 75).

Possible mechanisms of inhibition of EBV lytic reactivation
by VPA. We investigated three different but not mutually exclu-
sive mechanisms to explain how VPA blocks EBV reactivation. We
found that VPA did not inhibit the transcriptional activation
function of exogenously expressed ZEBRA protein. However,
VPA blocked butyrate-induced activation of the BZLF1 promoter
(Zp). VPA blocking was not attributed to autostimulation or the
ZIIR or ZV/ZV= negative-response elements. We investigated the
effects of butyrate and VPA on the ATM/p53 pathways, which
have been implicated in EBV lytic reactivation. VPA blocked acti-
vation of the ATM and p53 pathways that accompany lytic reac-
tivation by butyrate, but VPA did not alter �H2AX or p53 tempo-
rally upstream of lytic activation. The effects of fatty acids on
cellular signaling pathways may be transitory and not identified at
the times examined. Another possibility is that only a small per-
centage of cells respond to the fatty acids, which would not be
detectable in biochemical assays. Numerous cellular transcription
factors bind to Zp, and new protein synthesis is required to acti-
vate Zp. Further work is required to learn how fatty acids activate
or repress Zp by modulating the expression or function of cellular
gene products.

Short- and medium-chain fatty acids are naturally occurring
metabolites. Exposure of virally infected cells to fatty acids in
vivo may impinge on the process of viral reactivation. The
SCFAs acetate, propionate, and butyrate are produced in large
amounts by bacteria in the large intestine; butyrate reaches a
concentration of 20 mM in the colon. Lymphocytes latently
infected with EBV or KSHV may be exposed to a high concen-
tration of SCFAs during immune surveillance of the gut. SCFAs
are produced by bacteria present in the mouth and pharynx,
sites of reactivation of EBV-infected tonsillar B cells. The cul-
ture medium of oral bacterial species induces the lytic cycle of
EBV (76) and KSHV (77). Millimolar concentrations of propi-
onate and butyrate (30 mM and 8 mM, respectively) and trace
amounts of isobutyrate and isovalerate are present in dental
plaque (78, 79). The herpesviruses EBV, human cytomegalovi-
rus, human herpesvirus 6 (HHV-6), HHV-7, and KSHV can be
recovered from gums of patients with periodontal disease (80,
81). SCFAs such as isobutyrate, which we found to activate only
KSHV, and propionate, butyrate, and isovalerate, which
induce both EBV and KSHV, can be detected in the blood-
stream (32).

SCFAs and MCFAs are also naturally found in foods. In chil-
dren on a diet high in medium-chain triglycerides for the treat-
ment of obesity, hypertension (82), and epilepsy (83), the average

plasma concentrations of octanoate and decanoate were 0.3 mM
and 0.16 mM, respectively (84). Our studies on the roles of SCFAs
and MCFAs in viral reactivation address a more general problem
of the connection between diet and carcinogenesis and provide
clues to how SCFAs and MCFAs could be applied for clinical use.

Viral lytic activation by fatty acids as therapy for virus-asso-
ciated cancers. The presence of latent virus in EBV- and KSHV-
associated cancers provides a potential target for therapy. Since
currently available antiviral drugs target lytic replication but
are ineffective against the virus in the latent state, drugs that
reactivate the virus have been investigated as therapies for vi-
rus-positive cancers. Our studies of the differential activities of
SCFAs and MCFAs as inducers or inhibitors of viral reactiva-
tion have implications for oncolytic strategies. The HDAC in-
hibitors butyrate, phenylbutyrate, and VPA have been investi-
gated as lytic activators in cells, mice, and patients (31, 85–89).
One risk of applying lytic induction therapy is that incomplete
inhibition of viral replication by antiviral drugs could allow
secondary infection and disease progression. Another chal-
lenge is the low efficiency of lytic reactivation. Hence, it is likely
that a reservoir of latently infected cells remains. Our results
show that VPA and phenylbutyrate do not induce EBV reacti-
vation in B cell lymphoma, but block it. While HDAC inhibi-
tors may activate cellular gene expression that is beneficial in
treating cancer, they seem to have limited usefulness for induc-
ing EBV lytic genes. In fact, our data suggest that MCFAs, such
as VPA and phenylbutyrate, may be used to block EBV lytic
reactivation. One population that merits clinical investigation
with these agents includes patients with posttransplant lym-
phoproliferative disorders (PTLD). This type of therapy could
also be applicable to immunocompromised patients with oral
hairy leukoplakia (OHL), where EBV is lytically active. Given
the effects we observed on EBV and KSHV lytic reactivation,
dietary sources of fatty acids may also be considered for treat-
ing virus-associated cancers.
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